ABSTRACT. This study analyzed the genotype x environment interaction (GE) for the juice productivity (JuProd) of 12 yellow passion fruit varieties (Passiflora edulis Sims. f. flavicarpa Deg.) using additive main effects and multiplicative interaction (AMMI) model and auxiliary parameters. The experiments were conducted in eight environments of Bahia State, Brazil, using a randomized block design with three replications. Analysis of variance showed significant effects (P ≤ 0.01) for environments, genotypes, and GE interaction. The first two interaction principal component axes (IPCAs) explained 81.00% of the sum of squares of the GE interaction. The AMMI1 and AMMI2 models showed that varieties 09 and 11 were the most stable. Other parameters, namely, the AMMI stability value (ASV), yield stability (YSI), sustainability, and stability index (StI), indicated that other varieties were more stable. These varying results were certainly a consequence of methodological differences. In contrast, the ranking of varieties for each of the stability parameters showed significant positive correlations (P ≤ 0.05) between IPCA1 x (ASV, YSI), JuProd x (StI, YSI), YSI x ASV, and StI x YSI. Cluster analysis based on the genotypic profile of the effects of the GE interaction identified three AMMI analysis of passion fruit groups that correlated with the distribution of varieties in the AMMI1 biplot. However, the classification of stable genotypes was limited because the association with the productivity was not included in the analysis. Variety 08 showed the most stable and productive behavior, ranking above average in half of the environments, and it should be recommended for use.
INTRODUCTION
Several studies have shown that fruit production and processing are important economic activities because they yield a higher income per acre and create more jobs than other agricultural activities. On average, one hectare of fruits can generate two to six direct jobs, whereas the use of one hectare to grow grain can generate only 0.5 direct jobs. In Brazil, the cultivation of passion fruit is economically significant because the product is marketed as fresh fruit in wholesale and retail markets. Passion fruit is especially important for the juice processing and derivatives industry in almost the entire country (CPT, 2013) .
The genus Passiflora is highly species-rich (Yockteng et al., 2011) . In Latin America, P. edulis Sims f. flavicarpa Deg. (purple and yellow skin) and P. alata (sweet passion fruit) are important market fruits. However, the yellow passion fruit is the most widely cultivated member of the genus in Brazil, which is currently the largest producer and consumer of passion fruit in the world. The prominent position of Brazil as the largest producer has resulted from the development of passion fruit cultivation in the past three decades (Gonçalves and Souza, 2006) .
Despite the prominent position of Brazil as a producer of passion fruit, the average productivity (approximately 14 ton/ha) is very low relative to the potential productivity, which is more than 48 ton/ha (Freitas et al., 2011) . An additional problem is that there are few varieties of passion fruit that have been developed and recommended for different soil and climatic conditions in the country and that offer high productivity, uniformity, fruit quality, and resistance to major pests. Another problem that contributes to the low productivity is the limited extent of adoption of production technologies, which is often due to a lack of knowledge and specific technical training.
Nevertheless, the expansion of the industry is evident in certain regions. In other regions, the crop has migrated to other areas not traditionally used for its cultivation to escape various diseases that cause crop damage, particularly viral diseases and soil fungi. However, the exploration of new areas has been conducted without adequate study of productive behavior and production stability. This lack of study can surely compromise crop yield and, therefore, the profitability of the business. In addition, given the great importance of passion fruit juice in Brazil (in terms of production, passion fruit juice ranks third in the country's fruit industry, exceeded only by orange and cashew juice), little attention has been devoted to breeding programs to develop varieties that can maximize the production of passion fruit juice.
The trait of juice productivity is closely related to fruit and juice yield. However, it is common to observe genotypes with high fruit yield but low juice yield and vice versa. Therefore, given that the principal focus of the industry is the amount of juice produced per unit area, juice productivity has gained importance in considerations of the development of new varieties for this market. In this context, new yellow passion fruit varieties have recently been developed by Embrapa Mandioca e Fruticultura, whose agronomic evaluations were conducted in several production regions in Bahia State.
Similar to any other quantitative trait, juice productivity has genetic and environmental contributions, in which the genotype-by-environment interaction (GE) reduces the association between the genotypic and phenotypic components. Therefore, the variation in the performance-of-varieties effect related to the GE interaction hinders the selection of genotypes that can maximize juice productivity and simultaneously withstand small variations due to a changing environment.
The GE interaction has long been one of the main themes of plant breeding because it helps plant breeders in one of the most critical steps in this process, namely, the definition of the varieties that should be recommended for cultivation. Several methods are available to analyze multisite trials in an attempt to interpret the GE interaction and thus predict the degree of phenotypic stability and explain the information contained in the GE interaction. In general, however, most stability indices exhibit a univariate response (Gauch, 1988; Crossa, 1990) . Therefore, the principal problem is that these methods do not provide an accurate and complete response pattern of the varieties in terms of the interaction (Holhs, 1995) , primarily because the response of a genotype to environmental variation is considered multivariate (Lin et al., 1986) .
In contrast, the additive main effects and multiplicative interaction (AMMI) model includes an analysis of variance (ANOVA) and a principal component analysis (PCA) in a unified approach that can be used to analyze multiple trials (Zobel et al., 1988; Crossa et al., 1990; Gauch and Zobel, 1996) . AMMI uses an ANOVA to study the main effects of genotypes and environments and a PCA for the residual multiplicative interaction between genotypes and environments. It determines the sum of squares of the GE interaction and ensures a minimum number of degrees of freedom. Because an ANOVA and a PCA are part of the AMMI model, this model is expected to be more appropriate than each individual model to understand the GE interaction (Zobel et al., 1988) .
The objectives of this study were (i) to analyze the GE interactions for juice productivity from 12 experimental varieties of yellow passion fruit using univariate and multivariate methods, (ii) to evaluate the stability and adaptability of the varieties in different environments of production, and (iii) to assess the interrelationships between the statistical parameters analyzed.
MATERIAL AND METHODS

Yield trials
The experiments for this study were conducted in eight agronomic production areas of the State of Bahia (Table 1) . Planting was completed in 2011/2012 during the rainy season for each region. The spacing was 2.6 m between rows and 3.7 m between plants. A vertical arrangement was used for the canopy, with a single strand of galvanized wire (14 gauge) 2 m above the ground. Twelve new varieties of yellow passion fruit from the breeding program at Embrapa Mandioca e Fruticultura were evaluated.
Experimental design
Experiments were conducted in a randomized block design with three replicates and 10 plants per plot. All recommended cultivation practices for passion fruit were followed. The data on fruit yield per plot were acquired over the first year of production (between 7 and 20 months after planting) and reported in ton/ha. A sample of 30 fruits per plot was used to estimate the juice productivity. The juice productivity was obtained by multiplying fruit yield (converted to ton/ha) by juice yield.
AMMI analysis
An initial ANOVA was performed for each environment to verify the existence of differences between varieties. After these analyses, the homogeneity of the residual variances was determined, and a joint analysis of variance was used to test the genotype and environment effects and the magnitude of the GE interaction. An AMMI analysis was used to adjust the main or additive genotype and environmental effects with an ANOVA and to adjust the multiplicative effects for the GE interaction with a PCA. The AMMI model was as follows: e are the fixed varietal effects and environmental deviations, respectively; λ k is a singular value of the K axis in the PCA; γ ik and δ jk are genotype and environmental factors, respectively, of the singular vectors associated with λ k from the interaction matrix; N is the number of principal components retained in the model; ρ ij is the residual GE interaction; and ε ij is the average error (with the assumption of independence), ε ij ~ Ν (0, σ 2 ). The GE interaction sum of squares was divided into a singular axis or interaction principal component axis (IPCA), which reflected the standard portion in which each axis corresponded to one AMMI model. The selection of a model that best describes the GE interaction was based on the F R test as proposed by Cornelius et al. (1992) .
Once the AMMI model was selected, we investigated adaptability and phenotypic stability using biplot graphs. The interpretation of the biplot graph is based on the variation of the additive main effects (genotype and environment) and the multiplier effect of the GE interaction. The abscissa represents the main effects (average of varieties evaluated), and the ordinate represents the interaction among the axes (IPCA). In this case, the lower the IPCA value (absolute value), the lower the contribution of the GE interaction and the greater the genotype stability. An ideal genotype is the one with a high yield and IPCA values close to zero. An undesirable genotype is one with low stability, which is associated with low yields. The average predictions were estimated according to the selected AMMI model. All statistical analyses were performed using the agricolae package (de Mendiburu, 2010) in R (R Development Core Team, 2011).
Grouping of genotypes
The genotypic profile of the estimates of the GE interaction was used to describe the behavior pattern of the yellow passion fruit varieties for juice productivity, grouping similar genotypes according to this pattern. Therefore, the estimates of the GE interaction from the AMMI model were used to classify the varieties using clustering models. The Bayesian information content (BIC) criterion, defined by:
where L is the log-likelihood function, θ* is the set of parameters that maximize the likelihood, and m is the number of observations or samples that was used to define the model to represent the similarity of the varieties for the pattern of the GE interaction. Hierarchical clustering was performed based on the Ward method. The definition of the number of clusters was based on the mclust package (Fraley and Raftery, 2007) , and the cluster analysis was performed in the cluster package (Maechler et al., 2013) , both in the R software (R Development Core Team, 2011).
AMMI stability value (ASV)
The ASV was calculated as previously described by Purchase et al. (2000) :
where IPCA1 SQ / IPCA2 SQ is the weight resulting from dividing the sum of IPCA1 squares by the sum of IPCA2 squares. The larger the absolute value of IPCA, the greater the adaptability of a specific variety for a certain environment. Conversely, lower ASV values indicate greater stability in different environments.
Sustainability index (SuI)
The SuI was calculated as previously described by Babarmanzoor et al. (2009): AMMI analysis of passion fruit where Y is the average performance of a specific variety, n σ is the standard deviation, and YM is the value of the best genotype in any environment. The SuI values were arbitrarily divided into three stability groups as follows: low (up to 35%), medium (36 to 70%), and high (71 to 100%).
Stability index (StI)
The StI was derived from the non-parametric stability analysis technique of Rao et al. (2004) (Shukla, 1972) , and n is the number of environments.
Yield stability index (YSI)
The YSI was calculated using the following formula:
where RASV is the ranking of the AMMI stability value and RP is the ranking of yellow passion fruit yields in all environments. A Spearman correlation was used to assess the associations between the rankings of genotypes based on different parameters of stability.
RESULTS AND DISCUSSION
Analysis of juice productivity in different environments
The joint ANOVA showed significant differences (P ≤ 0.01) for environments, genotypes, and the GE interaction ( Table 2 ). The experimental coefficient of variation of the joint analysis was of medium magnitude (22.70%), indicating good experimental precision for a trait strongly influenced by the environment. The juice productivity in different environments ranged from 10.46 to 14.84 ton/ha, although this variation was much greater for the individual environments, with 5.63 ton/ha for the LNS-RA environment and 25.36 ton/ha for the Ibi environment (Table 3) .
The significant effect of the GE interaction demonstrates the differential performance of genotypes in different environments. Therefore, this change in the average juice productivity of new yellow passion fruit varieties depending on the environment justifies the need for a more refined analysis to increase the efficiency of selection and the choice of varieties for culture.
In the presence of a GE interaction, it is necessary to determine the performance and adaptation of varieties based on evaluations in multiple trials or growing years. In the specific case of yellow passion fruit, where the use of agricultural inputs and proper cultivation techniques is very limited and many plantings are conducted in highly aggressive and unpredictable environments such as the northeast region of Brazil, the identification of stable varieties DF = degree of freedom; TSS = total sum of square; MS = mean square; and IPCA = interaction principal component axis; ns = non significant; *,**Significant at 5 and 1% probability, respectively, by F test. is a critical step in breeding programs. Reducing the GE interaction involves the selection of genotypes with greater stability in a wide range of environments to better predict their behavior. In this sense, the AMMI analysis is an important tool to obtain an understanding of the factors involved in the shaping of the GE interaction.
AMMI analysis of GE interaction
The AMMI analysis of juice productivity in new yellow passion fruit varieties that was performed in eight environments in Bahia State showed that 71.44% of the sum of squares was due to the effect of the environment, whereas 3.45% and 25.12% were attributed to the effects of the genotypes and the GE interaction, respectively (Table 2 ). This greater percentage of the sum of squares related to environmental effects identified significant differences between the environmental averages. These differences caused most of the variation in juice productivity. Similar results were obtained for other crops. These results, in which most of the variation is explained by environmental effects and GE interaction, demonstrate that the selection of the best genotypes is not straightforward (Oliveira and Godoy, 2006; Mohammadi and Amri, 2009; Silveira et al, 2013) .
On the basis of the F R Cornelius test, only the effects of IPCA1 and IPCA2 (P ≤ 0.01) and IPCA3 (P ≤ 0.05) were significant (Table 2) . These results guide the selection of the AMMI3 model to explain the effect of the GE interaction. In all, 88.90% of the sum of squares of the GE interaction could be explained by the AMMI3 model, with 67.00, 14.00, and 7.90% explained by IPCA1, IPCA2, and IPCA3, respectively. The values explained by these models were greater than those previously observed in other crops (Oliveira and Godoy, 2006; Paderewski et al., 2011; Silveira et al., 2013) . By providing more degrees of freedom than the main effects of genotype and environment, the GE interaction absorbs most of the noise component corresponding to unpredictable and uninterpretable responses of the model, which are caused by experimental error. However, the first major components of interaction (IPCA1) capture most of the sum of squares (SQ GE ), which determines the GE interaction, termed the standard portion (the genotype and environment effects), compared with the highest level components (Gauch, 1988) . Therefore, because IPCA3 captured only 7.90% of the interaction sum of squares, we analyzed only IPCA1 and IPCA2.
Biplot analysis
The biplot graphs of AMMI1 (IPCA1 vs additive effects of varieties and environment) and AMMI2 (IPCA1 vs IPCA2) are shown in Figures 1 and 2 , respectively. The environments that showed higher juice productivity were Val, MSo, WG, and Ibi. The dispersion of the scores for the environmental effect was also high, indicating that the variability due to environments was greater than the difference due to the effect of varieties (Figure 1 ).
According to Figure 1 , varieties 08, 09, 11, and 13 were the most stable because their values were near the origin of the IPCA1 axis and therefore contributed less to the GE interaction, although the juice productivity of varieties 11 and 13 was less than the overall average (12.93 ton/ha). In contrast, varieties 14 and 15 were the most unstable, with average juice productivity below the overall mean, and varieties 04, 06, and 07 were unstable but had productivity above the overall mean.
Other varieties, e.g., varieties 04, 05, 06, and 10, occupied a position of intermediate stability. Moreover, variety 07 showed good average juice productivity but higher IPCA score values and was found to show high adaptability to the Ibi environment. According to Murakami et al. (2004) , knowledge about the performance and/or adaptability of genotypes in specific environments is very important for estimating the agronomic value of varieties and allowing recommendations for specific environments.
The analysis of the environments showed that WG and MSo made the smallest contri- Table 1. butions to the GE interaction. Other environments showed an intermediate contribution (CPa, DBa, Val, and LNS-Mo) or a high contribution to the GE interaction (LNS-RA and Ibi) ( Figure  1 ). According to Rocha et al. (2007) , environmental stability is important to evaluate the reliability of the ranking of the genotypes in a given environment relative to the overall average of the environments. Furthermore, Oliveira and Godoy (2006) suggest that environments with low IPCA scores (high stability) are of interest as sites to investigate the selection of genotypes in the early stages of improvement, during which the amount of seed or propagation material limits the extension of the tests to multiple environments. For yellow passion fruit, the average juice productivity was higher than the overall mean, 12.93 ton/ha, only in the Val, MSo, WG, and Ibi environments. This result indicated that these environments were the most favorable for high juice production. The principal reasons for the high value of juice productivity in these environments are the greater availability and distribution of rainfall in these sites or the use of irrigation during periods when the crop requires watering, which occurred in Ibi and Mso in the initial phase of establishment and flowering.
The IPCA1 x IPCA2 (AMMI2) biplot graph compares the relative magnitude and sign of the GE interaction for each genotype and environment. Genotypes with high IPCA1 or IPCA2 or both have a greater GE interaction, whereas genotypes with IPCA1 or IPCA2 near zero have GE interactions of low magnitude. Accordingly, on the basis of the AMMI2 analysis, varieties 09 and 11 were the most stable (Figure 2) . However, varieties 08 and 13, which were considered stable according to the AMMI1 analysis, were found to be highly unstable according to the AMMI2 analysis. Inversions of behavior relative to the classification of genotypes in the AMMI1 and AMMI2 biplots were also observed in cowpea (Rocha et al., 2007) . Furthermore, the classification of varieties 04 and 06 was changed from intermediate stability, based on the AMMI1 model, to poor stability, based on the AMMI2 model. In addition to the previously mentioned varieties (04, 06, 08, and 13), varieties 07, 14, and 15 were considered to be highly unstable because of their distance from the origin of the biplot graph.
Moreover, the DBa, Val, and LNS-Mo environments were the principal contributors to the phenotypic stability of the varieties (Figure 2) , and no significant differences among varieties were observed for juice productivity (Table 3 ). In contrast, the Ibi, LNS-RA, and WG environments showed a high contribution to the GE interaction because they were positioned away from the origin of the AMMI2 biplot. In general, genotypes and environments that occupy adjacent positions in the biplot graph display positive associations. This information clearly facilitates the identification of similar zones of agronomic performance. For example, variety 14 was very near the LNS-RA environment on the biplot graph (Figure 2 ).
ASV
The ASV parameter is used to quantify and classify the genotypes according to the stability of their productivity. In this analysis, ASV is represented by the distance of the varieties from the zero point of the IPCA1 vs IPCA2 scatter diagram. The varieties with low scores and thus considered more stable according to this criterion were 11, 08, 13, and 09 (Table 4) . This result was consistent with the AMMI1 model but had only varieties 09 and 11 in common with the AMMI2 model. The ASV parameter was used as an auxiliary criterion to define stable genotypes in other crops such as wheat (Farshadfar et al., 2011) and rice (Das et al., 2010) .
YSI
The YSI parameter incorporates both productivity and stability in a single index, decreasing the problems caused by using productivity stability as the sole criterion to select varieties for recommendation. This parameter is relevant in light of the finding that the most stable genotypes do not always have the best production performance (Oliveira and Godoy, 2006) . According to this index, varieties 04, 05, 06, and 08 were the most stable (Table 4) .
The YSI parameter is used to classify genotypes according to the ASV parameter, which incorporates IPCA1 and IPCA2, and ranks the varieties according to juice productivity. This method was successfully used for other crops, such as wheat (Farshadfar, 2008) , and this criterion shows good correspondence with the biplot analysis.
SuI
Variety 07 showed a lower value of sustainability (27.59%), whereas most of the yellow passion fruit varieties were classified as having medium sustainability (ranging from 40.20 to 69.97%). In contrast, variety 14 showed high sustainability (73.79%) ( Table 4 ). The increase in the SuI values agreed with the highest value of juice productivity. This result could reflect the most productive characteristics of the variety rather than the productive stability itself. In wheat, however, this index was not effective at discriminating stable genotypes for high grain yield (Mladenov et al., 2012) . Similar results were obtained for wheat (Farshadfar et al., 2011) , where SuI were greater than 91% for certain genotypes.
StI
The yellow passion fruit varieties were ranked by decreasing order of StI values. Twelve varieties were quite similar, although varieties 05 and 06 had StI values that were greater than 16.00 (Table 4 ). The stability of these varieties was classified as intermediate in the AMMI1 and AMMI2 analyses (except 06). According to Bajpai and Prabhakaran (2000) , using StI can remedy several of the disadvantages of methods based on genotype rankings. These disadvantages result from the bias that occurs in the selection of the most productive materials. In the approach based on StI values, the productivity and stability of genotypes are measured according to individual performance relative to the average of the set of genotypes. This characteristic was observed in this study, and varieties 05 and 06, which were classified as more stable according to the StI parameter, also showed high juice productivity.
Cluster analysis of the GE interaction of varieties of passion fruit
The genotypic profile of the estimates of the GE interaction effects for the AMMI2 model was used to describe the response pattern of the juice productivity of the yellow passion fruit varieties. The results of the cluster analysis using the BIC scores (maximum peak) indicated three groups of similarities for GE interaction (Figure 3) . Using real and simulated data to evaluate the performance of clustering algorithms, Lee et al. (2009) showed that the BIC criterion was the best algorithm for predicting the number of groups in real data. For simulated data, however, the number of groups inferred from the BIC criterion was very close to that obtained from similar models, such as the algorithm from the Structure software (Pritchard et al., 2000) . The three groups formed were homogeneous in their pattern of GE interaction ( Figure  4 ). In addition, except varieties 07 and 11, the grouping of the other varieties was consistent with the Scott-Knott test (P ≤ 0.05) for the joint analysis of all trials (Table 3) . Furthermore, the grouping of varieties based on the genotypic profile of the estimates of the GE interaction was consistent with the distribution of varieties in the quadrants of the AMMI1 analysis (Figure 1 ) except for variety 11. This variety clearly remained in Group 2 (Figure 4 ) because of its low GE interaction scores, but it showed a low average productivity. Nevertheless, this strategy had several limitations as a method to classify genotypes for juice stability relative to other methods analyzed. It is possible that one of these limitations resulted from the omission of the association with the average productivity of the varieties.
Interrelationships among stability parameters
The correlations between the rankings of the yellow passion fruit varieties for each of the stability parameters are shown in Figure 5 . Positive and significant correlations (P ≤ 0.05) were observed for IPCA1 x (ASV and YSI), juice productivity variable (JuProd) x (StI and YSI), ASV x YSI, and StI x YSI. The high positive correlations between IPCA1 x ASV (0.99), IPCA1 x YSI (0.77), and ASV x YSI (0.75) are expected because IPCA1 is a component of the ASV and YSI formulas. Similarly, the positive correlations between JuProd x StI (0.93), JuProd x YSI (0.75), and StI x YSI (0.82) are a consequence of including the average juice productivity in the computation of the stability parameters.
The SuI showed no significant correlations with the other stability parameters. This outcome is consistent with the selection of varieties that were not identified by the other methods (Table 4) . Additionally, no significant correlation was found between IPCA1 and IPCA2. This result shows that the first two IPCAs from the AMMI model did not produce similar results in the ranking of the most stable varieties. However, the occurrence of larger IPCA1 values and smaller IPCA2 values to discriminate environmental abilities has been used to identify genotypes that were adapted to specific environments (Yan and Rajcan, 2002) .
Recommendation of varieties
The primary purpose of plant breeding is to select varieties that can increase the potential crop productivity in different environments regardless of the GE interaction. However, this goal is difficult to attain, particularly because different methodological approaches are used to study GE interactions. Because this interaction is multivariate, several strategies have been developed over many years to summarize information from a number of vectors. AMMI analysis is one such method that can aid in approaching this goal (Babić et al., 2010) . Accordingly, the yellow passion fruit varieties that demonstrated a strong GE interaction were again ranked according to this strategy. Figure 5 . Scatterplot of the correlation between the stability parameters for the juice productivity of 12 yellow passion fruit varieties. The numbers above the parentheses represent the estimated correlation, and those within the parentheses represent the P value for the correlation. IPCA1 and IPCA2: interaction principal component axis 1 and 2, respectively; JuProd = juice productivity; ASV = AMMI stability value; SuI = sustainability index; StI = stability index; and YSI = yield stability index. Table 5 presents the ranking of varieties by environment according to the first three axes of the AMMI model. On the basis of this analysis, variety 08 was the most stable in all environments, showing a productive behavior that was above the overall mean in one-half of the trials (DBa, Ibi, LNS-RA, and LNS-Mo). In terms of the average of all environments, this variety would produce, on average, 240 kg/ha more than the average of all sites. Table 5 . Clustering of environments according to juice productivity (JuProd) and stability in yellow passion fruit varieties based on the first three principal effects of the AMMI model.
